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Introduction
The human brain is the most complex human organ
with its sophisticated functions and ability to control
behavior, learning, talking, memorizing, organizing, lis-
tening, performance of routine skills and interaction with
one’s social environment.  For this reason, the brain is
also a highly vulnerable organ, and a damaged brain can-
not function optimally1).  Neurotoxic hazards can cause
injury to the brain, especially if exposures happen during
the early developmental period2).  Among documented
hazards are certain industrial chemicals, tobacco smoke,
alcohol and certain drugs, as well as maternal stress.  If
the developmental processes in the immature fetal ner-
vous system are harmed, the effects are likely to be last-
ing and possibly permanent, whether subclinical deficits
in mental abilities or more severe behavioral disorders2–8).
The social consequences of developmental neurotoxicity
include an increased likelihood of school failure, dimin-
ished economic productivity, and increased risk of anti-
social and criminal behavior2).
Occupational medicine has traditionally studied the
neurotoxic and other adverse consequences in the work-
ers themselves9, 10).  Ample evidence exists for adults in
regard to the neurotoxic effects of metals (such as lead
and mercury), polychlorinated biphenyls (PCBs), and
many pesticides, solvents and other industrial chemi-
cals2, 9–14).  However, studies on neurodevelopmental con-
sequences in children born by pregnant workers exposed
to the same industrial chemicals so far have been much
less intensely pursued15).  Millions of women have joined
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the work force during recent decades.  A large proportion
are of a reproductive age, and female employees often
continue working throughout their pregnancy1, 2, 16).
Attention has been paid to the possible reproductive tox-
icity risks, such as birth defects, but a recent literature
review concluded that the existing studies showed
ambiguous findings due to methodological and design
problems17).  Assessment of neurodevelopment may
require many years of follow-up and is therefore even
more difficult to document.  Evidence on the conse-
quences of industrial chemical exposures among pregnant
workers is therefore rather scant, despite the magnitude
of this public health concern2).  Improved insight into
developmental neurotoxicity is crucial, because these
effects may occur at exposure levels that are lower than
existing occupational exposure limits, which aim at pro-
tecting the nervous system of the adult workers them-
selves2, 18, 19).  
The purpose of this review is to examine the occupa-
tional health evidence in regard to the vulnerability of the
developing nervous system and to outline the develop-
mental neurotoxicity risks in offspring of female workers
exposed to neurotoxicants.  
Prenatal vulnerability of the developing brain
During intrauterine development, the human brain fol-
lows a unique timeframe of intense and complex process-
es.  The human brain must develop from a strip of cells
along the dorsal ectoderm of the embryo into a complex
organ consisting of billions of precisely located, highly
interconnected, and specialized cells, with the major part
of this impressive development taking place during the
intrauterine period.  However, the intricacy of these close-
ly interlinked processes also predisposes this organ to
injury from toxic agents that may interfere with minute,
but essential steps in brain development.  If these com-
plex processes are halted or disturbed, there is a little
potential for later repair, and the functional consequences
can therefore be permanent2, 20, 21).
The placenta may provide some protection, but many
industrial chemicals like pesticides, organic solvents or
metals, such as lead and mercury, can cross the placenta
and concentrate in the fetal nervous system, sometimes in
even higher concentrations than in the maternal organ-
ism22).  Some of these chemicals are lipophilic and there-
fore are likely to be retained in organs with higher lipid
concentrations, such as the brain23).  The fetal blood-brain
barrier is unlikely to provide protection against industri-
al chemicals, and the same applies to immature detoxifi-
cation mechanisms2, 24).  
The combination of all these features makes the fetal
period a critical window of vulnerability to environmen-
tal hazards that can impact optimal brain development,
thereby leading to impairment of behaviors and skills,
including cognitive abilities and social competences that
are further developed and fine-tuned during childhood and
adolescence1, 2).  
Review Strategy
Epidemiological studies focused on occupational expo-
sure to industrial chemicals and subsequent neurodevel-
opmental consequences in the offspring were identified
by using PubMed and PSYCHinfo literature data bases.
The language was not specified, although English was
preferred.  The following keywords were used: occupa-
tional exposure, work exposure, job exposure, industrial
exposure, pregnancy, prenatal, uterine period, behavior,
neurobehavior, neurodevelopment, cognitive abilities, and
mental health.  We first used these terms separately and
in a second step we combined them (i.e., occupational
exposure + neurodevelopment).  We otherwise followed
the same search strategy described in a previous review2).
Reference lists in the articles selected were also scruti-
nized to identify older studies that might satisfy the search
criteria.  For each article, the following information was
abstracted: location, type of study, study period, popula-
tion, child age, type of exposure, exposure measurements,
covariates, outcome scales, and effects studied.  Through
this systematic search, a total of 15 papers23, 25–38) were
identified that fit the above criteria (Table 1).  Each of
these studies is reviewed below.
Organic Solvents
Organic solvents encompass a large number of differ-
ent chemicals that include widely used compounds such
as toluene and trichloroethylene.  Their chemical struc-
ture can be classified as aromatic, aliphatic, hydrocarbons,
halogenated compounds, alcohols, and other sol-
vents25, 26).  They are lipophilic and are mostly known to
be neurotoxic from acute poisoning cases and occupa-
tional studies in adults with chronic exposure2).  Seven
epidemiological studies have assessed the neurodevelop-
mental consequences in children of workers with solvent
exposures during pregnancy (Table 1)23, 25–30).  
Most reports describe small nested case-control studies
that generally used structured questionnaires to assess
exposures, with specific questions about timing (weeks of
gestation), duration (hours/week) and protective equip-
ment.  The women were exposed within permissible
workplace limits, thereby likely preventing toxic effects
in the workers themselves.  The age of the children exam-
ined ranged from 6 months to 8 yr, with a large age dis-
parity in each study sample.  All studies applied adjust-
ments for appropriate covariates in the analysis.  The
results showed negative associations between the report-
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ed prenatal exposure and several outcomes in six of the
seven studies (Table 1).  The developmental areas affect-
ed were motor and verbal skills, visual-motor and mem-
ory functions, attention-deficit-hyperactivity behaviors
and visual functions (color discrimination and acuity).
Two studies (from the same research group) described a
significant dose-response pattern in visual acuity, and
visual-motor and verbal skills.  The exposure gradient was
based on an index that combined several factors, includ-
ing magnitude and duration of the exposure and the use
of protective equipment25, 27).  
Lastly, a short report described a large population
cohort study carried out in Israel (Table 1), where the
prevalence of schizophrenia diagnosis from hospital data
was compared between adults, whose parents had worked
as dry cleaners, and those without such exposure.  The
results showed a three-fold higher risk in the exposed
group30).  While this group was primarily exposed to per-
chloroethylene, exposures encountered in other studies
involved several solvents, often present as mixtures.
Although attribution is therefore problematic, evidence
related to toluene sniffing during pregnancy supports the
notion that neurotoxic solvents may have serious adverse
effects on the developing brain2).
Organophosphate pesticides
The organophosphates are commonly used as insecti-
cides in agriculture33).  These substances inhibit the enzyme
acetylcholinesterase, which hydrolyses the neurotransmitter
acetylcholine in both the peripheral and the central ner-
vous system.  Acute pesticide neurotoxicity is well known
from occupational exposure studies, poisoning events, and
suicide data in adults2).  Developmental neurotoxicity may
be caused by similar mechanisms, which may lead to
more permanent effects, as acetylcholine has crucial func-
tions during brain development2, 33).  
Two cohort studies (from the same research group)
were based on an agricultural worker population in
California32, 33).  The authors studied the effects of pre-
natal exposure to organophosphates, as assessed by mater-
nal urinary excretion of pesticide metabolites.  The results
showed negative associations between the prenatal expo-
sure and abnormal reflexes in the infant, as determined
by the Brazelton Neonatal Behavioral Assessment Scale32).
At ages 6–24 months, the results showed lower mental
development on the Bailey Scales and higher pervasive
disorder scores on the Child Behavior Check List ques-
tionnaire, as compared to unexposed controls33).  These
results were independent of other potential neurotoxicants
measured, such as lead, dichlorodiphenyltrichloroethane
(DDT), and PCB, in blood samples (Table 1).  
Additionally, four cross-sectional studies31, 34–36) were
carried out in Ecuador and Mexico, where mothers work-
ing in agriculture or flower production were exposed to
pesticides during pregnancy, while comparison groups
were similar but not exposed to pesticides.  The findings
showed lower motor skills, communication and problem
solving abilities, creativity, and lower visual acuity at age
6–61 months in infants with prenatal exposure.  In older
children at age 8 yr, Grandjean et al.  (2006)34) reported
lower visuospatial performance in prenatally exposed chil-
dren and an additive effect of stunting (Table 1).  
In all of these studies, the exact identity of the pesti-
cides is unclear, as exposures involved mixtures of sub-
stances.  From the evidence available, the organophos-
phates are likely the causative substance, as also sup-
ported by experimental studies2).  Although many differ-
ent compounds were involved, they may share toxic
mechanisms in regard to developmental neurotoxicity39).
Organochlorine Pesticides 
DDT is a neurotoxic, lipophilic and an environmental-
ly very persistent agent used worldwide as agricultural
insecticide and against mosquito species that transfer
malaria37, 38).  The Stockholm Convention on Persistent
Organic Pollutants, ratified in 2004, intends to phase out
all uses of DDT.  However, some countries are permitted
to continue using DDT for indoor malaria control37, 38).  
Two cohort studies (carried out by the same research
group) fit the criteria for this literature review37, 38).
Additionally, they were based on an agriculture popula-
tion in California.  Using the same study design as for
organophosphates, the authors studied the association
between neurodevelopmental outcomes and the maternal
blood concentrations of DDT and its metabolite DDE dur-
ing pregnancy.  The results showed that neonatal behav-
ior was not affected38), but mental and motor develop-
ments were negatively associated with DDT exposure dur-
ing infant ages37) (Table 1).  Although DDE showed sim-
ilar associations and may be considered neurotoxic, these
associations may also reflect the current or previous pres-
ence of the parent substance DDT.  
Industrial chemicals in environmental epidemiology 
Lead, methylmercury, arsenic, and PCBs are examples
of other industrial chemicals that have been studied in
environmental epidemiology in regard to neurotoxic
effects in prenatally exposed children.  To our knowledge
there are no recent occupational studies on these sub-
stances based on exposed pregnant workers.  Their indus-
trial use or production is prohibited (PCBs) or has been
severely restricted (lead, mercury), although their persis-
tence in the environment remains a major reason for con-
cern2).  Prospective studies have documented that low-
level exposures to lead, methylmercury, and PCBs can
impair the neurobehavioral development in chil-
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dren2–5, 40).  The effects appear to be permanent, as sug-
gested by the absence of any recovery from previously
incurred deficits in prospective studies3–5).  The dose-
response association patterns for methylmercury and
PCBs indicated much stronger effects of prenatal expo-
sures than postnatal ones, while prenatal lead exposures
seemed to have less impact than the much higher post-
natal exposures2).
Evaluation of the Evidence
This review highlights the scarcity of scientific litera-
ture on pregnant workers exposed to hazards that can
affect the neurodevelopment of their children.  In gener-
al, the majority of the existing studies are based on small
samples and nested case-control designs.  The chemical
substances studied fall into two major groups, i.e., organ-
ic solvents and pesticides.  Among the latter, most stud-
ies addressed organophosphate insecticides, while two
population-based birth cohort studies examined the effects
of DDT31–38).  Studies on solvents often concerned mixed
exposures23, 25–30).  We were unable to identify any recent
occupational studies relating prenatal exposures to mer-
cury, lead, arsenic and PCBs to neurodevelopment out-
comes as parallel to the substantial evidence from envi-
ronmental epidemiology2).  The occupational studies iden-
tified show negative consequences of prenatal exposures
to the industrial chemicals studied (Table 1)23, 25–38).
The occupational studies on organic solvents used stan-
dardized questionnaires, where an industrial hygienist
identified the jobs associated with the likely exposure to
these compounds.  Three of the studies further calculat-
ed an exposure index from the information reported by
the mother herself25–27).  These exposure measures are
crude proxies that may relate poorly with actual expo-
sures.  They are likely affected by low precision and low
specificity, as compared to prospective data that include
biological monitoring or air concentration measures.
These limitations generally cause a bias toward the null
and will result in an underestimation of the true dose-
effect relationship.  Another factor of concern is the dis-
parity of the children’s ages at clinical examination, some-
times ranging between ages 3 to 7 yr, thus adding variability
to the outcome scores obtained from different age-appro-
priate psychometric instruments.  Despite this important
source of variability, the results showed several consis-
tencies regarding the neurobehavioral areas affected, i.e.,
visual functions, motor and verbal skills and attention-
deficit-hyperactivity behaviors.  Still, the specific neuro-
toxic causation and pathogenesis are unknown due to the
frequent occurrence of mixed exposures in these studies
(Table 1).  Nonetheless, toluene is a solvent with known
developmental neurotoxicity caused by maternal toluene
sniffing during pregnancy2).  
One cohort study reported that organic solvents used in
dry cleaning occupations were associated with an
increased risk of schizophrenia in the offspring.  This
report was unable to separate maternal and paternal expo-
sures and the timing in relation to the pregnancy, but it
provides suggestive evidence on the consequences of
organic solvent exposures for the workers’ offspring in
relation to psychiatric outcomes at adult age30).  The evi-
dence from these studies on the solvents mentioned is
highly relevant, as female workers may be exposed to sev-
eral organic solvents that occur in products used, e.g., by
hair dressers or dry cleaners, and perhaps in trades and
professions with increasing numbers of females, such as
chemists, biologists or artists28).  A large number of sol-
vents are known to be neurotoxic in adults2).  
Globally, over US $30 billion are spent every year on
pesticides, one third of it in the developing world36).
Organochlorine pesticides (and other persistent chemicals,
such as PCBs) have been banned, but the neurotoxic
effects remain significant from an environmental per-
spective, when the compounds are persistent and accu-
mulate in food chains37, 38).  From an occupational health
perspective, the pesticides of greatest current relevance in
regard to neurotoxicity risks are the organophosphate
insecticides, which are widely used2).  In countries like
Ecuador, where the flower industry is a main source of
income, the use of organophosphates causes widespread
exposures to the work force, approximately half of which
is women in reproductive age groups34–36).
Organophosphates inhibit cholinesterase, thus resulting
in cellular deficits in developing brains, particularly in
regions rich in cholinergic projections41, 42).  The best
method to measure organophosphate exposures is by ana-
lyzing the urinary excretion of organo phosphate metabo-
lites, with appropriate adjustment for creatinine, while
taking into account age, sex, height, and weight43).  High
day-to-day variability may render a single sample unreli-
able as indicator of exposure levels during pregnancy33).
Such imprecision will tend to bias the results toward the
null.  Nevertheless, two cohort studies found consistent
results using this approach with two sets of samples, one
during pregnancy and the other in connection with the
post-delivery interview.  The findings showed negative
associations with neonatal reflexes and 24-month mental
development, particularly with the pre-parturition urine
concentrations32, 33).  The findings relating to neonatal
reflexes are of interest, as this outcome would be thought
to be less influenced to the family socio-environment and
perhaps more sensitive to toxic effects32).  The strength
of these two studies is that the organophosphate effects
were adjusted for possible effects of other industrial neu-
rotoxicants, notably lead and DDT.  Concomitant expo-
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sures to multiple compounds is common concern, and
such an adjustment is important to disentangle their spe-
cific effects4, 32, 33, 37, 38).  
Two other case-control studies were based on ques-
tionnaire reports on prenatal exposure and referred to mix-
tures of pesticides, predominantly organophosphates.
Despite this methodological weakness, consistent findings
were reported in relation to the impairment of motor and
communication skills, problem solving and visual acu-
ity35, 36).  Of particular interest is the recent case-control
study in school-age children from Ecuador, the only one
based on subjects at this age so far, where possible effects
of prenatal and current exposures were examined.
Prenatal exposures were based on maternal questionnaires
and the current exposures on the children’s urinary excre-
tion of organophosphate metabolites.  Different neu-
ropsychological functions seem to be affected, perhaps
because different neurotoxic mechanisms are involved
during early development and at school age: visual-spa-
tial performance was highly sensitive to the former and
simple reaction time to the latter34).  Overall, the evidence
of prenatal vulnerability to organophosphate pesticides
seems quite clear, although specific compounds have not
been identified.  More cohort studies will be needed to
ascertain if different mixtures of pesticides are associat-
ed with different types and relative severities of effects.  
Occupational health perspectives
Among more than 1,000 industrial chemicals known to
be neurotoxic in experimental studies, 201 are known to
be neurotoxic to humans, from clinical and epidemiolog-
ical evidence.  However, only five of them -arsenic, lead,
methylmercury, toluene and polychlorinated biphenyls
(PCBs)- are regarded as documented causes of human
neurodevelopmental toxicity2).  This evidence puts into
perspective the paucity of studies on the neurodevelop-
mental consequences of maternal occupational exposures.
Figure 1 illustrates how historical evidence on poisoning
cases first demonstrated toxicity also in the offspring,
while the fifteen reports identified in the present study
have extended the curve and shown adverse effects in
larger numbers of children at lower levels of occupation-
al exposures.  
This evidence must be considered in light of the exper-
imental documentation on neurotoxic potentials of many
industrial chemicals and the environmental epidemiology
studies of adverse effects in children prenatally exposed
to toxicants at much lower levels than those encountered
at work2).  Current occupational exposures at levels
deemed to be safe to adult workers are therefore highly
likely to contribute to the ‘silent pandemic’ of develop-
mental neurotoxicity2).  
The substantial vulnerability of the developing brain
and the severe consequences of developmental neurotox-
icity suggest that occupational health must recognize a
responsibility to help prevent such adverse effects from
happening.  The 201 chemicals already recognized as
human neurotoxicants should be considered potentially
hazardous to pregnant workers.  Despite the lack of occu-
pational epidemiology studies in this field, exposures that
are not considered to be toxic in adults may still be harmful
to fetal neurodevelopment.  This issue is of substantial con-
cern in modern occupational health practice, since women
are integrated into the workforce, and many spend the major
of their pregnancy at work, thereby potentially exposing their
fetus to neurotoxic mixtures of industrial chemicals28).
Although developmental neurotoxicity, once it has hap-
pened, may not be reversible, it is, in theory, entirely pre-
ventable.  An important prerequisite would be testing
industrial chemicals before allowing them to be market-
ed.  Still, current legislation only requires such testing in
rare and specific cases and not as a general condition.  Of
the thousands of chemicals used in commerce, fewer than
half have been subjected to even token laboratory testing
for toxicity2, 44), and only a small fraction has been test-
ed for any kind of neurotoxicity, including crude mea-
sures, such as brain weight and morphology2, 45, 46).
However, more than one thousand chemicals are known
to be neurotoxic in experimental models, and these results
should be wisely considered as an indication of a serious
hazard to the brains of the next generation.  The absence
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Fig. 1. For occupational exposures to neurotoxicants that
may harm the fetus, the evidence at first dealt with acute
adverse effects at high doses, but was later followed by stud-
ies of case series and linkage of epidemiological evidence on
developmental toxicity.
These more recent studies refer to successively lower doses, to
which childhood populations of increasing magnitude are
exposed. As with the evidence on environmental exposures to
neurotoxicants, an unrecognized pandemic may well exist, where
the developing brain is harmed by occupational exposures to
female workers at concentrations that are deemed safe to the
mature brain. Revised from reference 2.
of any toxicity in the mother and other adult workers is
no guarantee that the fetal brain is well protected2).  
A precautionary approach should therefore lead to strict
regulation, with the understanding that it could be relaxed
later on if subsequent documentation shows that the risk
is less than anticipated.  The vulnerability of the human
nervous system during prenatal development, and the
importance of optimal brain development for the welfare
of the next generation, would suggest that the protection
of the developing brain against neurotoxic chemicals
should be a paramount goal of occupational health.
Conclusions
This review covers the background information and the
modest epidemiological evidence on occupational expo-
sures of female workers to industrial chemicals and the
consequences in regard to the child’s neurodevelopment.
The majority of the occupational studies identified aimed
to assess organic solvents and organophosphate pesticide
effects in the offspring, and consistent neurobehavioral
impairments were reported.  The evidence suffers from a
variety of shortcomings and sources of imprecision.
These problems would tend to cause an underestimation
of the true extent of the risks.  The overall experimental
and epidemiological evidence suggests that the substan-
tial vulnerability of the developing nervous system to low
concentrations of neurotoxic chemicals should lead to a
strengthened emphasis on protection of pregnant workers
and women in general against substances that may cause
harm to the fetus.  A precautionary principle in regard to
neurodevelopmental toxicity should therefore be applied
in occupational health, and this issue should also attract
more research, preferably with a focus on exposure
assessment and valid outcome measures in prospective
study designs.  While preventive measures should not be
delayed, research is needed to improve our understanding
of the mechanisms involved and help in identifying the
best means of protecting future generations against a silent
pandemic of developmental neurotoxicity.  
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